The lung is one of the organs to which cancers from solid tumors frequently metastasize. Multiple tumors in the lung are usually treated by systemic chemotherapy because of the lack of efficient methods of targeting antitumor agents to the lung. Although intratracheal administration is an ideal route for targeting multiple lung tumors, antitumor agents are often harmful to the organ or induce inflammation. Mesenchymal stem cells (MSCs), nonhematopoietic stem cells capable of differentiating into various mesoderm-type cells, have a propensity to migrate to and proliferate in tumor tissues after systemic administration. We intratracheally injected MSCs expressing CX3CL1 (MSC/RGDFKN) into the lung of lung tumor-bearing mice with multiple metastases of C26 or Lewis lung carcinoma (LLC). Antitumor effects were evaluated by counting the number of lung metastases and survival. We demonstrated the tropism of mouse MSCs to lung tumor tissues after intratracheal administration of GFP-positive MSCs. Intratracheal injection of MSC/RGDFKN strongly inhibited growth of lung metastases of C26 or LLC, and thus prolonged survival. Intratracheal injection of MSC/RGDFKN did not induce an inflammatory reaction in the lung. These results suggest that MSCs expressing antitumor agents can be delivered intratracheally into multiple lung tumor tissues without causing inflammation.
INTRODUCTION
Advanced solid tumors eventually metastasize to other organs (1) . The lung is one of the organs to which many types of tumors metastasize and is sometimes the only organ to which a primary tumor metastasizes (2) . Systemic chemotherapy is commonly used in the treatment of metastatic lung tumors, because methods for efficient targeting of antitumor agents to the lung have yet to be established.
Intratracheal administration is an ideal route for drug delivery to the lung, because the drug reaches the target organ efficiently without entering the systemic circulation. Indeed, drugs such as steroids and anticholinergic agents have been administered intratracheally to the lung by inhalation in patients with bronchial asthma and chronic obstructive pulmonary disease (3, 4) . However, to date, antitumor agents have not been administered intratracheally because they are often harmful to the lung.
Bone marrow-derived mesenchymal stem cells (MSCs) are pluripotent cells, capable of differentiating into cells of various tissue lineages (5) . MSCs can be expanded easily in vitro, can be transduced with various genes, and retain an extensive multipotent capacity for differentiation. Because of these characteristics, MSCs have attracted a great deal of interest with regard to their potential use in tissue repair and gene therapy (6) . Importantly, MSCs can migrate selectively through the systemic circulation and proliferate in solid tumors (7) (8) (9) . These features have led to the suggestion that MSCs may be useful as cellular vehicles for gene delivery to multiple tumor sites. With the use of this strategy in administering intravenous injections of gene-modified MSCs, antitumor effects have been demonstrated in multiple lung, brain, and subcutaneous tumors (7) (8) (9) (10) . However, only a small fraction of the injected MSCs migrated to the tumor sites. MSCs may also express transduced antitumor agents in normal organs, because these cells circulate in the bloodstream and come into contact with normal organs (11) .
Recently, intratracheal injection has been used to administer several types of cells to the lung to repair damaged lungs (12) (13) (14) . Injected cells survived in the lung tissues and showed treatment effects. Previously, we demonstrated that intravenous injection of MSCs expressing CX3CL1 (fractalkine) in mice bearing multiple lung tumors induced strong antitumor effects (15) .
In this study, we administered MSCs expressing CX3CL1 intratracheally to lung tumor-bearing mice. Intratracheal administration of MSCs expressing CX3CL1 resulted in a strong inhibitory effect on lung metastases and prolonged the survival of tumor-bearing mice without apparent adverse effects.
MATERIALS AND METHODS

Cell Culture and Mice
The murine colon adenocarcinoma cell line C26 (H-2 
Isolation and Culture of Mouse MSCs
BALB/c, C57BL/6, and GFP-expressing mice (6-10 wks old) were killed by cervical dislocation, and the femurs and tibias were removed and carefully cleaned of all connective tissue. The bone marrow was flushed out with culture medium and expelled from a 5-mL syringe through a 25-gauge needle. The bone marrow suspension was then transferred to 6-well plates at a concentration of 1. 
Adenoviral Vectors
Genetically modified adenoviral vectors with an integrin-binding motif (ArgGly-Asp) in the HI loop of the fiber knob, carrying the mouse fractalkine (Ad-RGDFKN) and β-galactosidase genes (Ad-RGDLacZ) were constructed as reported previously (16, 17) . These recombinant adenoviral vectors were propagated from 293 cells and purified by CsCl gradient centrifugation. The total numbers of viral particles in the viral samples were measured by OD260 (1 OD260 = 1012 particles). We quantified the titers (expressed as pfu/mL) of the viral stocks by plaque-forming assay using 293 cells.
Expression of Fractalkine on MSCs
The Ad-RGDFKN-transduced MSCs (MSC/RGDFKN) were washed with PBS and lysed in RIPA buffer (10 mmol/L Tris-HCl, pH7.4, 0.15 mol/L NaCl, 5 mmol/L EDTA, 1% DOC, 0.1% SDS, 1 mmol/L PMSF, and 1 mmol/L DTT) containing protease inhibitors (Roche Molecular Biochemicals, Indianapolis, IN, USA) to determine fractalkine expression 48 h after Ad-RGDFKN infection (100 MOI). The cell lysates were cleared by centrifugation (20,000g, 30 min, 4°C). Recombinant mouse fractalkine (50 ng) encoding the extracellular domain (R&D Systems Inc., Minneapolis, MN, USA) and 30 μg of total protein from the Ad-RGDFKN-transduced MSCs were loaded per lane on 10% Bis-Tris gels (Invitrogen, Carlsbad, CA, USA), and transferred onto PVDF membranes (Invitrogen). The membranes were incubated with rat antimouse fractalkine monoclonal antibody (R&D systems) and stained with a secondary antibody (goat antirat IgG-HRP; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Detection of specific signals was performed using the ECL detection system (Amersham Pharmacia Biotech AB, Uppsala, Sweden), in accordance with the manufacturer's protocol.
In vivo Migration Assay
To examine the ability of MSCs to migrate to tumor tissues in vivo, 7 d after intratracheal injection of GFP-positive MSCs into mice with or without established LLC pulmonary metastases, organs (lung, liver, kidney, spleen, and bone marrow) were fixed with 4% paraformaldehyde and embedded in paraffin. Sections were treated by an autoclave-based antigen-retrieval technique with 10 mmol/L citrate buffer, pH 6.0, at 120°C for 10 min. After nonspecific staining and endogenous peroxidase activity were blocked, sections were incubated for 1 h with rabbit polyclonal anti-GFP antiserum (Molecular Probes, Invitrogen) and Simple Stain Mouse MAX PO (Nichirei, Tokyo, Japan), and labeling was visualized with AEC reagents (Nichirei). The specimens were incubated with hematoxylin for nuclear counterstaining.
Treatment of Lung Metastases with MSC/RGDFKN
To establish experimental lung metastases, 5 × 10 5 tumor cells in 0. 
Bronchoalveolar Lavage Fluid Collection
Mice were subjected to brief anesthesia by intraperitoneal injection of ketamine and xylazine. After mice lost consciousness, the trachea was exposed with a midline incision and cannulated with a 24-gauge catheter. After the mice were killed by exsanguination, the lungs were lavaged three times with sterile 0.9% NaCl at a volume of 0.75 mL/wash. The average fluid recovery was greater than 80%. The bronchoalveolar lavage fluid (BALF) was centrifuged (300g, 10 min, 4°C), and the supernatants were stored at -20°C until used for protein analysis. The protein concentrations in the recovered BALF were determined using the Pierce microBCA assay (Pierce, Rockford, IL, USA) with bovine serum albumin as a standard.
Cells from BALF samples were resuspended in 0.5 mL of normal saline. The cells were diluted 1:1 with Turk's solution and counted with a hemocytometer. Cell differentials were determined on slides prepared in a Cytospin 3 (Shandon, Pittsburgh, PA, USA) centrifuge (113g, 2 min) and stained with a DiffQuick staining kit (International Reagents, Kobe, Japan).
Statistical Analysis
The results are expressed as means ± standard error (SE) or as means ± standard deviation (SD). Statistical comparisons were performed using the twotailed Student t test, and a value of P < 0.05 was deemed statistically significant. For the survival data, the log-rank test was used to assess differences among the five treatment groups, and P < 0.05 was deemed statistically significant.
RESULTS
Fractalkine Expression in MSCs/RGDFKN
MSCs cultured at passage five differentiated readily into adipocytes when incubated in adipogenic maintenance medium ( Figure 1Ab ) and differentiated into osteoblasts following supplementation of the medium with osteo genic induction medium (Figure 1Ac ). The MSCs used in the present study retained their differentiation capability. The expression of fractalkine by MSC/ RGDFKN in vitro was confirmed by RT-PCR (data not shown) and by Western blotting analysis ( Figure 1B) . Although 100 kDa fractalkine was detected in MSC/ RGDFKN, recombinant fractalkine yielded a protein band of ~90 kDa, because this recombinant protein consists of only the extracellular domain. As expected, no bands were detected in control MSC/RGDLacZ or nontransduced MSCs.
Tropism of MSCs for Tumors after Intratracheal Injection
We reported previously that MSCs migrate to tumors in the lung after injection via the tail vein (15) . In this study we performed in vivo migration assays of MSCs into the tumor tissues in the lung to assess the tropism of MSCs. GFPpositive MSCs were injected into the trachea of C57BL/6 mice bearing LLC lung metastases. GFP-positive MSCs were found primarily within and around tumor tissues ( Figure 2E, F) , and very few were found in the normal lung area. We found very few GFP-positive MSCs in the lung in non-tumor-bearing mice ( Figure 2C, D) . No GFP-positive cells were detected in areas of the tumors in mice injected with PBS alone (Figure 2A , B) or in the liver, spleen, or bone marrow 7 d after MSC injection (data not shown). We did not perform in vivo migration assays in C26 lung metastases because GFP mice were C57BL/6. These results suggested that the MSCs have specific migratory activity toward tumor tissues after intratracheal injection.
Effects of Intratracheal Administration of MSC/RGDFKN on C26 Lung Metastases
We next examined the antitumor effects of MSC/RGDFKN in the C26 lung metastasis model. MSC/RGDFKN (5 × 
Effects of Intratracheal Administration of MSC/RGDFKN on LLC Lung Metastases
We also examined the in vivo effects of MSC/RGDFKN in the LLC lung metas- tasis model. Again, mice treated with MSC/RGDFKN developed fewer and smaller metastatic nodules on the lung surface than those in the other groups ( Figure 4A ). The number of metastatic nodules in mice treated with MSC/ RGDFKN was markedly reduced by 81%, compared with the PBS controls (P < 0.01; Figure 4A ). Although treatment with Ad-RGDFKN reduced metastatic nodules by 34%, this reduction was statistically insignificant (P = 0.81). Mice treated with either MSC/ RGDLacZ or BLKCL4/RGDFKN showed no reduction in lung metastases ( Figure 4A ). Mice treated with MSC/ RGDFKN lived significantly longer than those in any of the other groups (P < 0.005; Figure 4B ). The median survival time of the MSC/ RGDFKN group was the longest (17 d) among the treatment groups (10-15 d).
Intratracheal Delivery of MSC/RGDFKN is Less Inflammatory than Ad-RGDFKN
To evaluate lung inflammation, BALF was collected 1 d after intratracheal administration of MSC/RGDFKN or the adenoviral vector Ad-RGDFKN. We found that cellular infiltration was the same among MSCs, MSC/RGDFKN, and PBS groups. The mice receiving the Ad-RGDFKN vector showed a significantly greater cell number in BALF compared with the other groups (P < 0.01; Figure 5A ). We further analyzed the cellular composition of the BALF after MSC/RGDFKN injection. Mice in the Ad-RGDFKN group showed a marked increase in the number of neutrophils compared with the other groups (P < 0.01; Figure 5B ). As shown in Figure 5C , the protein level in the BALF of mice injected with MSC/RGDFKN was unchanged, whereas that in the Ad-RGDFKN group was increased to a greater extent than in the other groups (P < 0.01). Treatment with MSC/RGDFKN did not induce airway inflammation in the murine lung metastasis model.
DISCUSSION
In this study, we demonstrated that intratracheal administration of MSCs expressing CX3CL1 (MSC/RGDFKN) suppressed the growth of multiple lung metastases and prolonged survival in mice. MSCs migrated to the tumor tissues in the lung after intratracheal injection. We also confirmed that MSC/ RGDFKN did not cause lung inflammation, in contrast to injection of Ad-RGDFKN vector, which was associated with marked inflammation in the lungs.
Genetically modified MSCs are a potential treatment of a variety of disorders, because modified MSCs have inherent MSC features that are relevant to the disease (19, 20) and because MSCs can be used as a cellular vehicle to synthesize or deliver a protein of therapeutic value to the target organ (7) (8) (9) (10) . A major hurdle to using MSCs modified by gene therapy is finding a way to achieve organ specificity, to reduce or avoid the unnecessary burden of genetically modified cells at other sites. In the present study using a murine lung metastasis model system, we demonstrated that direct transplantation into the respiratory tract is a feasible approach. We found abundant GFP-positive MSCs around tumors or in tumor tissues after intratracheal injection. MSCs transplanted into the lung remained in the lung tumor tissues for at least 7 d, suggesting tropism to metastatic lung tumors. Our previous study showed that MSCs migrated to lung tumors and showed high-level expression of CX3CL1 in lung tumor tissues after systemic administration of MSC/ RGDFKN. Thus, we believe intratracheally injected MSC/RGDFKN expressed CX3CL1 in the tumor milieu and induced antitumor immune responses, as we demonstrated previously (15, 21) .
An adenoviral vector with a natural affinity for airway epithelia has been applied to gene therapy for lung disease but caused strong immune reactions in both animal models and humans (22) (23) (24) (25) . Thus, adenoviral vectors cannot be administered repeatedly. In this study, intratracheal administration of an adenoviral vector expressing CX3CL1 was partially effective in the lung metastatic model but induced an immune reaction in recipient mice, as reported previously (24, 25) . On the other hand, MSCs expressing CX3CL1 did not cause an inflammatory reaction in recipient mice. Thus, modified MSCs can be administered repeatedly to the lung, because they did not induce an immune reaction. MSC-based gene therapy may be useful for gene transfer not only to lung tumors, but also to lung epithelia, because MSCs did not induce an inflammatory reaction.
A striking finding in the present study was that the intratracheal administration of MSC/RGDFKN into tumor-bearing mice was more effective than Ad-RGDFKN injection with regard to prolonging survival, although the Ad-RGDFKN vector apparently suppressed the number of lung metastases as effectively as MSC/ RGDFKN. A possible explanation is that because MSC/RGDFKN remained in or around metastatic tissue and expressed CX3CL1 for longer than the Ad-RGDFKN vector, a stronger immune reaction was induced in mice treated with MSC/RGDFKN.
Although CX3CL1 induced the antitumor effects through both natural killer cells and T lymphocytes (15, 26) , no upregulation of lymphocytes was observed in BALF. This discrepancy can be attributed to the day when BAL was performed. BAL was performed only 1 day after MSC/RGDFKN, before antitumor immune reaction was induced.
MSC-based gene therapy for targeting tumors has been shown to be effective in various models, including multiple lung metastatic tumors, brain tumors, and subcutaneous tumors (7) (8) (9) (10) 15) . Intravascular administration was used in all animal experiments. Although the tissue distribution of MSCs after systemic administration has been evaluated extensively, many MSCs were found in other organs (7) . No adverse effects of modified MSCs were observed. MSCs pass through the systemic circulation after intravenous injection and may remain for short periods in normal organs. In addition, in nonhuman primates, engraftment of MSCs in normal organs was observed after systemic administration (11) . Thus, systemic administration of engineered MSCs may result in undesired adverse effects in normal organs. In this context, intratracheal administration of engineered MSCs should be considered in treatment for multiple lung metastases and other lung diseases.
In conclusion, we demonstrated the suppression of lung metastases by intratracheal administration of MSCs expressing CX3CL1. The data presented in this study reemphasize the important role of MSC-based cell therapy in the suppression of lung metastases.
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